Using a laser diffraction technique, we have studied factors that influence the deformability of erythrocytes. Variations in suspending medium osmolality and applied shear stress were employed to isolate the individual contributions to whole cell deformability of internal viscosity, surface area-to-volume ratio, and viscoelastic properties of the membrane. An experimental system was devised in which normal cells were modified in vitro to induce specific alterations in each factor. Measurements of deformability as a function of medium osmolality showed characteristic behavior of the modified cells. Reduced surface area-tovolume ratio was detected by an exaggeration of the normal decrease in deformability as medium osmolality was decreased. In contrast, increased internal viscosity was detected by an increase in deformability as osmolality was decreased. Finally, decreased membrane flexibility was detected by reduced deformation at low shear stress. These methods of analysis were applied to cells from patients with hereditary spherocytosis, hereditary pyropoikilocytosis, and hemoglobin CC disease to define the basis of reduced deformability. Hereditary spherocytes showed the combined effects of reduced surface area and increased internal viscosity. Hereditary pyropoikilocytes revealed the effects of severely reduced surface area-to-volume ratio. Hemoglobin CC cells showed only the effects of high internal viscosity. An increase in the membrane shear modulus (decreased membrane deformability) was not evident in these disorders.
INTRODUCTION
Erythrocyte deformability, or the capacity of the cell to change its shape under applied stress, is important for erythrocyte function. Because the small vessels of the microcirculation have a diameter less than that of the resting erythrocyte, cells must deform markedly Part of this material has been presented previously in abstract form in 1979. Blood. 54:(Suppl. 1) 30a.
Received for publication 3 October 1979 and in revised form 29 April 1980. as they circulate. Reduced erythrocyte deformability plays an important role in shortened erythrocyte survival in many types of hemolytic anemia (1) (2) (3) (4) . Several methods are available to measure erythrocyte deformability. These include filtration through small pore filters, viscometry of cell suspensions, aspiration of cells into micropipets, and deformation of individual cells under fluid shear stress (5) (6) (7) (8) (9) (10) (11) (12) . However, each technique is based on a particular criterion for cell deformability that may involve only one aspect of cell deformability behavior. For example, the filtration method measures the ability of cells to enter or pass through openings smaller than the resting diameter of the cell. In contrast, bulk viscometric techniques test cells on the basis ofa reduction in the bulk viscosity of the suspension with increasing shear stress. The micropipet technique evaluates erythrocyte deformability on the same basis as filtration, but is applied to one cell at a time and under defined stress conditions.
The common property of cells that underlies these and other methods for deformability measurement is the ability of erythrocytes to alter their shape in response to applied shear stress, whether it is imposed by a stationary barrier or by the momentum of viscous fluid flow. To represent the physiologically relevant capacity of cells to change shape under shear stress in the circulation, we defined whole cell deformability in our in vitro model as the extent of cell elongation in response to a steady-state application of fluid shear stress. When defined in this manner, whole cell deformability is primarily regulated by three separate cellular properties: the internal viscosity, the surface area-to-volume ratio (S/V),1 and the viscoelastic properties of the membrane (2, 4, 13) . The various methods used to measure deformability have different sensitivities to each of these three factors. For example, filtration techniques are very sensitive to reduced S/V (depending on the filter pore size) and less sensitive to increased internal viscosity. Bulk viscometric methods are strongly influenced by cell/cell interactions and are less sensitive to the determinants of reduced deformability for individual cells (13) . The sensitivity to each ofthe three factors in the micropipet method depends on the size of the pipet opening. Measurements with small pipets (<1.0,m) are influenced primarily by the membrane shear modulus. Measurements with larger pipets are influenced by the effects of increased internal viscosity and reduced S/V as well (9) . Observation ofcells attached to surfaces and then subjected to fluid shear stress provides information primarily about membrane properties (13) .
With each of the techniques described, reduced deformability has been demonstrated in a variety of hemolytic disorders. However, because of the various differences in those techniques, correlations between measured deformability and cell survival are qualitative, rather than quantitative. Furthermore, none of the methods for measuring deformability have previously been used to distinguish the mechanisms regulating the deformation of individual cells or to define their physiologic influence.
Over the last few years, we have used still another method to measure cell deformability, employing an instrument called the ektacytometer. In this instrument, cells in a dilute suspension in a viscous medium are subjected to a laminar fluid shear stress field. In response to the applied stress, the resting discoid shape of normal erythrocytes is deformed into a shape best described as a prolate ellipsoid (14) . Laser diffraction patterns of cells in their resting and deformed states are then measured to obtain ,quantitAtive information concerning the dimensions of the corresponding cells. The changes in cell dimensions with increasing shear stress thus provide a measure of cell deformability. This instrument has been used in a semiquantitative way to demonstrate reduced deformability in several hemolytic disorders (15) . Recently, the use of a new image analysis system has allowed us to obtain reproducible quantitative data from the laser diffraction patterns. The measurements using this new system have been found to correlate with direct measurements of diffraction pattern dimensions that, in turn, are related to the extent of cell deformation (16) .
With the new analysis system we have found that the quantitative deformation of erythrocytes at varying applied shear stresses and varying suspending medium osmolalities can distinguish the influence of each of the three major cellular factors regulating whole cell deformability. In preliminary demonstration studies, we have applied these techniques to the analysis of cell deformability in three hemolytic disorders: hereditary spherocytosis, hemoglobin CC disease, and hereditary pyropoikilocytosis. In hereditary spherocytosis, reduced S/V plays a dominant role in reducing cell deformability, with an additional influence of increased internal viscosity in a subpopulation of cells with high mean cell hemoglobin concentration (MCHC). In hemoglobin CC disease, increased internal viscosity alone causes reduced deformability, and its influence is expressed in all cell subpopulations. In hereditary pyropoikilocytosis, severely reduced S/V is responsible for most of the deformability loss.
METHODS
The ektacytometer. The ektacytometer has been described in detail previously (14, 17) . It comprises a concentric cylindrical viscometer in which the outer cylinder can be rotated to produce a well-defined varying shear stress field. A laser beam that is deflected through the cell suspension contained in a 0.5-mm gap between the two cylinders is diffracted by the cells to produce the patterns from which deformation is determined. A schematic diagram of the instrument, with the new data analysis system, is shown in Fig. 1 elongated pattern with increasing shear stress, the signal increases to a plateau value that represents the maximum deformation. As will be discussed later, the variation of A -B/A + B with shear stress is the same as the variation in ellipticity of the diffraction pattern when measured optically. Because the dimensions of the diffraction pattern provide a measurement of the cell dimensions (16), the A -B/A + B signal also provides the same information.
The medium used to dissolve the dextran was phosphatebuffered saline (PBS; 10 mM sodium phosphate, pH 7.4), in which the concentration of NaCl was adjusted to give the desired final osmolality. In the present experiments, dextran from Sigma Chemical Co. (St. Louis, Mo.) (40,000 average mol wt), and from Pharmacia Fine Chemicals (Div. of Pharmacia, Inc., Piscataway, N. J.) (dextran T40) was used. The primary difference between these two materials was in their osmotic strength. The Sigma dextran contributed 55 (+3) mosmol/kg at a concentration of 25 g/100 ml PBS; the more rigorously isolated Pharmacia product contributed 20 (±+3) mosmol/kg at the same concentration. The increase in osmotic strength over that expected for pure 40,000 mol wt polymer (6 mosmol/kg) is the result of the presence of appreciable quantities of lower molecular weight polymer that inevitably accompany the ethanol-precipitated material (product specifications, Pharmacia and Sigma). The osmotic contribution of each product was taken into account in preparing dextran solutions of various osmotic strengths. Osmolality was measured using a vapor pressure osmometer (Wescor, Inc., Logan, Utah).
In most experiments, as described in Results, 1.5 x 108 cells were suspended in 3 ml of dextran solution immediately before measurements were made (-30 ,l. of 40% hematocrit suspensions). However, even when cells were allowed to stand in isotonic dextran solutions for periods up to 4 h, no changes in cell deformability were found.
Modification of deformability in normal erythrocytes. To modify erythrocyte deformability in specific ways with respect to the three major factors that regulate cell deformability, four experimental maneuvers were employed. First, to produce cells with reduced S/V, erythrocytes were treated with lysolecithin (LPC, Sigma Chemical Co.). In the concentration range used (1-5 Zmol LPC/ml cells), LPC results in the conversion of discocytic erythrocytes into echinocytes III up to prelytic spherocytes (18) . The latter morphologic stages are characterized by a "budding off" and loss of membrane surface, with virtually no change in cell volume or MCHC and, hence, with little change in internal viscosity.
After incubation in the presence of LPC for 5 min at room temperature, the cells were washed in isotonic PBS containing 1% bovine serum albumin (Sigma Chemical Co., Fraction V). This removed the LPC and caused the cells to revert to a stomatocytic morphology. In these experiments, changes in cell S/V were confirmed by measurements of osmotic fragility.
Second, to produce cells with increased internal (cytoplasmic) viscosity, erythrocytes were dehydrated, using nystatin and sucrose as previously described (19) . This procedure involved the addition of a stock solution of nystatin (5 mg/ml methanol) to a 5% suspension of erythrocytes in a medium whose Na and K concentrations were those found in the interior of normal cells (Na: 12 meq/liter cell water; K: 155 meq/liter cell water). The final nystatin concentration was 30 Zg/ml of suspension. The presence of the antibiotic allowed the equilibration of Na and K across the cell membrane. Subsequent addition of sucrose to give a final osmolality of 350, 400, 450, or 500 mosmol/kg then promoted overall efflux of cations and water from the permeable cells. After 20 min of incubation at 0°C, the nystatin was washed out of the membrane by solutions identical to the suspending medium, but without nystatin. It was necessary to use the wash solutions at 37°C to remove the nystatin and to restore normal permeability characteristics to the cells. Finally, the cells were washed and resuspended in isotonic PBS before measurement of deformability. Cell dehydration was confirmed by measurement ofosmotic fragility. In addition, homogeneity of the dehydrated cells was demonstrated by density gradient centrifugation (vide infra).
Finally, two methods were used to produce cells with reduced membrane deformability (increased shear modulus). In the first, PBS-washed erythrocyte suspensions were heated from 470 to 48°C for periods of time ranging from 2 to 30 min. This gentle heating, which did not alter cell shape or cause fragmentation, primarily increased the membrane shear modulus (20) and had only a minimal influence on the MCHC. In these experiments, measurement of osmotic fragility demonstrated the absence of substantial change in cell water.
The second method involved treatment of washed cells with diamide at concentrations of 0.1-0.5 mM. After resuspension in diamide-containing PBS, the cells were incubated at 37°C for 60 min. They were then washed two times and resuspended in PBS. As shown by Fischer et al. (21) , treatment with low concentrations of diamide causes an increase in membrane shear modulus without perturbing the normal shape or volume. To confirm this, we measured osmotic fragility after diamide treatment and found no appreciable changes.
Cell separation. To assess the deformability of various cell populations in the potentially heterogeneous cell mixture in blood from patients, the blood was separated on Stractan (St. Regis Paper Co., Tacoma, Wash.) density gradients as previously described (22) . Linear continuous gradients with a density range of 1.070-1.124 g/ml were formed above a 1.140-g/ml dense Stractan cushion. After centrifugation at 50,000 g for 30 min, the various subpopulations were removed and washed three times in PBS before deformability measurements were made.
For some studies, cells were separated by spinning samples of packed, unwashed erythrocytes in a microhematocrit centrifuge (23) . First, the cells were sedimented at 8,000 g for 5 min, and were then drawn into 200-,Iu capillary tubes.
The tubes were then sealed with a flame, and then spun at 11,000 rpm for 10 Deformability measurements in the ektacytometer require the use of a viscous suspending medium. We wanted to be certain that the dextran used to increase viscosity influenced cell deformation only through its viscosity contribution, and not through any alteration of cellular properties. As a test for this second condition, we performed ektacytometric measurements using other polymeric substances: a higher molecular weight dextran (170,000 average mol wt), Ficoll (400,000 average mol wt), and polyvinyl pyrolidine (360,000 average mol wt). For any given suspending medium viscosity, the deformation curves obtained in these media for cells from a normal individual could be superimposed at all shear stress values.
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SHEAR RATEx (VISCOSITY)1-5 FIGURE 3 A plot of DI vs. the quantity shear rate x (viscosity)1.5 for five different suspending medium viscosities. Each point was taken from the continuous DI curves of ektacytometric measurements. The continuous curves represent the envelope of rheoscope data plotted in the same form by Fischer et al. (24) . Note that all the data from the ektacytometer fall along the single S-shaped curve enclosed by the envelope. 0, 10 cp; A, 15 (Fig. 4) .
To define the optimum conditions for reproducible measurements of deformability, we studied the deformation curve at several dextran concentrations and over a range of cell concentrations. We found that the shape of the DI curve changed upon increase of dextran concentration from 10 g/100 ml PBS up to 25 g/100 ml PBS (Fig. 5) . In the least concentrated solution, whose viscosity was 5.2 cp, the cells appeared simply to orient with respect to the shear stress field. They never actually deformed to produce the characteristic elliptical diffraction pattern. At higher dextran concentrations of [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] g/100 ml PBS, the cells deformed over the entire shear stress range, with increasing deformation in the more viscous solutions for a given shear rate. However, even in 15 g/100 ml dextran (10.2 cp viscosity), the older, most dense 10% of normal cell populations did not deform appreciably. At 25 g/100 ml, the medium viscosity (21.6 cp) was high enough to cause virtually uniform deformation of all the cells from normal blood samples. This was confirmed by measurement of subpopulations from Stractan density gradients, in which only the most dense 1% ofthe cells exhibited reduced deformability. (Fig. 9 ). This behavior is consistent with a major influence of increased MCHC as a result of water loss and an attendant profound increase in internal viscosity. This suggested loss in cell water was confirmed by appropriate decreases in osmotic fragility and corresponding increases in MCHC and cell density as measured on Stractan gradients. Unlike the membrane-deficient LPC-treated cells, the dehydrated cells regained all the deformability of normal cells when they were subsequently suspended in hypotonic solutions. The osmotic strength at which normal deformability was restored correlated closely with the isotonic MCHC. In fact, the MCHC at the osmotic strength that restored normal deformability was always close to the normal MCHC of 35 g/dl. The slope of the DI vs. shear stress curve exhibited a more gradual approach to the DI plateau for samples in which the MCHC was still substantially elevated (>40 g/dl) under the conditions of deformability measurement. However, when the maximum DI was restored to the normal level in hypotonic medium, the initial portion of the DI curve was also restored to its normal shape. Moreover, cells treated with nystatin in isotonic medium, to maintain normal MCHC and water content, showed deformability behavior identical to that of normal untreated cells. Thus, nystatin itself had no effect on the cell deformability. Cell morphology was normal except for a slight flattening of severely dehydrated cells consistent with their reduced water content.
Cells heated to 47-48°C, previously shown to have an increase in membrane shear modulus (20) , exhibited minimal change in osmotic fragility and only modest reductions in the maximum deformation with increased duration of heating. This small decrease in deformation at maximum shear stress appeared to result from a very slight dehydration effect that occurred during heating. Density gradient centrifugation showed a slight increase in cell density that was too small to cause a measurable shift in osmotic fragility. The most notable feature of the DI vs. shear stress curves for the heated cells was a reduction in the initial slope, producing a more gradual approach to the maximum DI (Fig. 10 ). This effect of reduced deformation at low shear stress increased progressively as the heating period was prolonged. Furthermore, in contrast to the similar slope change noted in severely dehydrated cells, the abnormal slope for heated cells could not be returned to normal by reducing the suspending medium osmolality. In fact, reduction of medium osmolality brought the DI plateau for cells that were heated for [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] (Fig. 12) . Every subpopulation of cells deformed abnormally in isotonic medium. However, when the osmolality was reduced to 100 mosmol/kg, the deformability was restored to a virtually normal maximum value in all subpopulations. This evidence for cellular dehydration, which is well known to be characteristic of hemoglobin CC cells (25, 26) creasing osmolality expected for high MCHC cells. The minimal changes in the initial slope of the DI curves were no greater than those seen for LPC-treated model cells. From this we conclude that there were no appreciable changes in membrane shear modulus in the hereditary spherocytes. This is of particular interest because an increase in the membrane shear modulus has previously been proposed as a substantial source of reduced deformability in hereditary spherocytes (28) , a suggestion that has been popularly accepted. However, Nakashima and Beutler (29) have recently reported normal membrane deformability in hereditary spherocytes. Furthermore, a dominant effect of reduced surface area on cell survival was indicated in studies by Cooper and Jandl (30) . Additional effects ofhigh MCHC have also been suggested (31) .
In contrast to hereditary spherocytes, all cell subpopulations from a patient with hemoglobin CC disease showed a defect in deformability that was dominated by decreased water content and consequent increased internal viscosity. This observation is supportive of earlier studies by Charache et al. (25) and by Murphy (26) , showing cellular dehydration in this disorder. We found no evidence for cells with a reduced S/V.
All subpopulations of hereditary pyropoikilocytes were markedly undeformable in isotonic medium. A further reduction ofdeformability in slightly hypotonic medium characterized most ofthe cells as being severely membrane deficient. Because none of the cell populations could be restored to normal deformability, it was not possible to determine whether decreased membrane elasticity also contributed to the deformability defect.
These studies provide a first approach to the systematic identification of specific defects underlying abnormal deformability in pathologic erythrocytes. Extension of this approach should help define the physiologic importance of the three major factors that influence whole cell deformability. It may also identify the primary causes of shortened erythrocyte survival in hemolytic disorders.
